ABSTRACT: Marine intertidal rock pools can be found almost worldwide but little is known about the microscopic life forms they support, or the significance of regular tidal inundation. With regard to ciliated Protozoa in rock pools, little progress has been achieved since 1948, when the question was first posed as to how a community of ciliates can remain relatively constant in a rock pool that is flushed twice a day. Here we show that local ciliate species richness is very high and that it may persist over time. This elevated species richness can be attributed to ciliate immigration with the incoming tide, and also to the resident ciliate community that withstands tidal flushing. A 15 cm deep intertidal rock-pool no bigger than 1 m 2 on the island of St. Agnes (Scilly Islands, UK) contained at least 85 ciliate species, while a 20 cm-deep rock pool with roughly the same area on Bryher (also in the Scilly Islands) yielded 75 species. More than 20% of the global number of described marine interstitial ciliate species was recorded from these rock pools. We explore the paradox of a persisting community assembly living in an ecosystem that is physically highly dynamic.
INTRODUCTION
The question of how a community of ciliate species can remain in an environment that is mixed and replaced with water from the open sea twice a day was posed more than half a century ago by Fauré-Fremiet (1948) , following his study of the ciliate community in a rocky intertidal basin close to his laboratory in Concarneau (France). As far as we are aware, this is the only investigation of its kind recorded in the scientific literature. Fauré-Fremiet (1948) found only a handful of ciliate species, but made 2 discoveries -that the community composition remains relatively constant over time, although the water is renewed with every tide, and (in the case of the ciliate Strombidium oculatum), the existence of a 'tidal rhythm'. The latter has been investigated in more detail (Jonsson 1994 , Montagnes et al. 2002 , but the study of community assembly, ciliate species richness in rocky intertidal pools, and the adaptations that allow them to thrive there, largely remain a 'closed book'. Here we report some of our recent observations and discoveries concerning the ecology and natural history of ciliates in rock pools.
MATERIALS AND METHODS
Sampling sites. We studied intertidal rock pools at pristine sites on the Isles of Scilly (also known as Scilly Islands or 'Scillies'), an archipelago of about 200 islands and rocks, of which only 5 are inhabited, located 45 km off Land's End (the most southerly point of the United Kingdom mainland) (Fig. 1) . The islands are low lying and mainly composed of flat topped granite. We selected 2 islands to investigate the ciliates living in intertidal rock pools, i.e. pools that are submerged at high tide and also subjected to the force of Atlantic 'breakers'. The islands were Bryher, whose west coast faces the full force of the 'breakers', and St. Agnes. Three rock-pools were investigated: 1 on a beach at St. Agnes ( Fig. 2A,B) , and 2 at Bryher -one on the beach, and the other amongst an area of large rocks (Fig. 2C,D) . We collected the samples on 23 and 25 October 2005, respectively, and examined them daily over a period of 5 d. We aimed to retrieve and identify as many ciliate species as possible, and to do this, we collected and subsequently handled the samples in a variety of ways. For sample collection we used (1) sterile, 50 ml centrifuge polypropylene tubes, (2) Nalgene bottles (250 ml), and (3) sterile 25 cm 2 polystyrene cell culture flasks containing 2 ml of soil extract medium (Catalogue of UK National Culture Collection, UKNCC 2001). Rock pools containing a layer of fine sand were sampled with corers (internal diameter 2 cm), and the samples placed in sampling tubes. We used sterile, single-use pipettes to remove sediment and other 'material' from crevices, rock surfaces, and the floor of each rock pool. This material was a combination of mainly fine sand, algae, and pieces of decomposing macroalgae. Some was thoroughly bonded with the rock surface and could be removed only with a small spatula. Thereafter it was placed in sterile sampling tubes, leaving a head space of a few cm. A variety of marine macro-algae was also collected for examination of sessile Protozoa. The granulometry of the sand in the rock pools ranged from very fine to slightly coarse. The depth of the rock pools varied from 10 to 20 cm and they were generally up to 2 m in length with a maximum area of up to 1 m 2 (Fig. 2B,D) . All samples were investigated in a small laboratory on shore as soon as possible after sampling. We also set up manipulation experiments (e.g. Finlay et al. 1996 , Fenchel et al. 1997 ) based on a variety of culture media, oxygen and redox gradients (to encourage growth of anaerobic ciliates) and various culture vessels. For each 'manipulation', we used 2 ml subsamples of the original samples.
Cultures for incubation were prepared immediately after collection by placing 10 ml subsamples in culture vessels with 2 ml of soil extract medium, to encourage rare and encysted forms (if any) to grow out and be recorded. All samples and cultures were kept in a 20°C incubator throughout the investigation. Fresh samples were assessed every day for previously unrecorded ciliate species during our stay on the Scillies, and twice weekly thereafter. The assessment of species richness was based on 1 ml subsamples of the original samples and cultures, and picking out individual specimens. We followed the ice extraction method of Uhlig (1966) to extract the larger ciliates without damaging them.
Ciliate species were identified after impregnating specimens with silver (Fernández-Galiano 1994 , Esteban et al. 1998 when sufficient cells were available. Identification of species represented by few individuals (e.g. inadequate for confirmation with silver impregnation) were identified to putative species of the living form with recourse to our extensive bibliography of previously published marine material (e.g. see Esteban & Finlay 2004 ) and other well-established identification guides, e.g. Kahl (1935) . Single specimens of ciliates observed once only were identified to genus level.
Electron microscopy. In order to investigate the bacteria upon which the rock-pool ciliates might feed, subsamples from the Bryher open-ocean rock pool were used to make shadow-cast direct preparations for transmission electron microscopy (TEM). Preparation, handling, and examination of samples for TEM was carried out by K. J. Clarke (Freshwater Biological Association, UK). Replicates were washed with distilled water and centrifugation to remove the salts. The washed material (a 3 to 4 µl-sized drop) was placed directly on Formvar-coated specimen grids, then fixed with OsO 4 vapour, air-dried at room temperature, and finally shadowed with chromium. Examinations were made using a JEOL 100CX TEMSCAN.
Data handling. In order to assimilate and compare data sets, we calculated size-frequency distributions (SFDs). The main advantage of using SFDs with a logarithmic body size axis is that the shape of the distribution can immediately be compared with other distributions to determine (e.g.) where the modal size class is and whether the distribution is skewed towards large or small species. We compared the SFDs for the rock-pool ciliates with the SFDs of (1) the 168 species of ciliates we recorded from the Isles of Scilly, (2) 170 ciliate spe- cies from Nivå (a brackish, estuary-like habitat north of Copenhagen, Denmark, that is permanently covered by the waters of the Øresund; Finlay & Fenchel 2004a,b) , and (3) the global list of interstitial marine ciliate species taken from Hartwig (1980) and Carey (1992) . We selected (2) and (3) because they are the only data sets available that include a full checklist of species and the body length of each species. The Excel file for Nivå includes data for 170 ciliate species found in interstitial sandy sediment, and is available on-line (Finlay & Fenchel 2004b ). We compiled a further Excel file for the recorded global list of interstitial marine ciliate species according to Carey (1992) . The preface of Carey (1992) remarks that 'the book is the first identification guide to include all ciliate species recorded from marine sands'. Although a few new species have been discovered since the book was published, their number is not great enough to significantly alter the size-frequency distributions. We used the 826 species from Carey (1992) after removing those species whose usual habitat is not marine (e.g. Loxodes spp.) We assigned a geometric mean size to each species based mainly on body sizes given in Carey (1992) , and the data set thus prepared can be used as a global inventory of interstitial ciliates species. We then classified the data of body length into 11 logarithmic size-classes, 4 size classes per log cycle ranging from 7.5 to 2370 µm.
Ciliates were allocated to their appropriate size classes.
RESULTS AND DISCUSSION
Having investigated sandy sediment and water samples from 3 rock pools in the Scillies, we identified 168 marine ciliates to genus and/or species level. The samples from St. Agnes and from 1 of the 2 rock pools on Bryher yielded 85 ciliate species, and 75 species, respectively (Table 1) whereas the samples from Bryher's beach yielded 50 species (Table 1) . The community in the rock pools is interesting because only 10 nominal species were recorded simultaneously from all 3 rock pools: Cyclidium glaucoma, Diophrys appendiculata, D. scutum, Euplotes elegans, Litonotus duplostriatus, Plagiopyla frontata, Pleuronema coronatum, Trachelostyla pediculiformis, Uronychia transfuga and Uropedalium pyriforme. This suggests that the remaining species richness in rock-pools is fairly heterogeneous. The ciliate Aspidisca magna ( Fig. 2E -G) was common to both rock pools on Bryher but we did not observe it in rock pool samples from St. Agnes. The ciliates in the rock pool on the beach of Bryher were basically a mixed community of the species found in the rock pools of St. Agnes and Bryher. For the purpose of this investigation, we focus on these rock pools at St.
Agnes and the open-ocean rock pool at Bryher because they presented the highest species richness. The size-frequency distributions (SFDs, Fig. 3 ) for both rock pools are similar, even though that on St. Agnes had a greater number of larger ciliate species (e.g. tracheloraphids, geleids).
The St. Agnes rock pool ( Fig. 2A,B ) is located on a beach that is partly rock and partly sand. In contrast, the rock pool on Bryher faces the open ocean and the full force of the breakers (Fig. 2C,D) . At St. Agnes, tidal waves regularly wash the sand on the beach surrounding the rock pool, and this sand is probably the source of most of the ciliate species in the pool. As the rock pool also has a well-developed layer of fine sand that has accumulated amongst the rocks and pebbles, the sand was assumed to offer a niche for immigrant benthic and interstitial ciliates. To test this, we carried out a general screening of the ciliate community from sand samples immediately above and around the rock pool, and found that 62% of those in the surrounding sand were also present in the pool. This value is almost cer- Fig. 3 shows the SFDs for ciliates from the St. Agnes and Bryher rock pools. In both rock pools there was a higher proportion of ciliates in the 56 to 100 µm size class (mean body size 75 µm). We compared both SFDs with the SFD of (1) all ciliate species recorded from all our Isles of Scilly samples (i.e. 168 species), (2) the SFD of ciliate species from Nivå (170 ciliate species; Finlay & Fenchel 2004b) , and (3) the SFD of the global list of world marine interstitial ciliates (826 species; see 'Materials and methods'). The results are shown in Fig. 4 .
The SFDs for the 'local diversity' data sets, i.e. for each separate rock pool, for Nivå Bay, and the Isles of Scilly, indicate a higher proportion of smaller ciliates than does the SFD for the 'global diversity' data (SFD modes at 42 and 75 µm, respectively, i.e. 1 or 2 size classes smaller; see Figs. 3 & 4) , indicating a lack of large species or a predominance of medium-sized species. Apart from Geleia orbis, no other geleiids (a genus with about 20 currently known species [Dragesco 1999]) were observed in the samples from the rock-pools investigated, but the results also seem to suggest that local habitats such as rock pools may have a limited number of available niches, especially for very large ciliates. It is also important to bear in mind that the data set we obtained from Carey (1992) is 5 times bigger than that from the study at Nivå (Finlay & Fenchel 2004b ) and our own data set from the Scillies. A larger data set from the latter region would almost certainly produce a bell-shaped distribution, as in the Carey data set.
All ciliate species recorded from the second rock pool on Bryher (i.e. the pool on the beach) ( Table 1) are benthic ciliates commonly found in the interstices of sandy sediments (see Fenchel 1964 , Carey 1992 and references therein, Al-Rasheid 1996 . 'Interstitial ciliates' is a broad term. Strictly speaking, it refers to flattened and ribbon-shaped ciliates adapted to glide over and within the interstitial habitat, and associated with the contour of each sand grain (Carey 1992) . Most interstitial ciliates (e.g. the trachelocercids) are thigmotactic and contractile. The largest free-living ciliates ever described have been found gliding amongst sand grains, but many other ciliates thrive in this and other marine habitats (e.g. species of Cristigera, Cyclidium, Pleuronema, Strombidium, Uronema, and Uropedalium) and, as a result, the term 'interstitial ciliates' is fairly comprehensive.
From the pools on the Bryher open-ocean rocks and
St. Agnes beach, we also retrieved stalked ciliates, i.e. the peritrich genera Vorticella and Epistylis and the suctorian genera Acineta and Podophyra. Although not considered to occur in marine sands (Carey 1992) , we consistently observed these genera after sediment from the pool had been allowed to settle for 24 h. Sessile ciliates have been documented from marine sandy sediments before (Finlay & Fenchel 2004b ). Both groups of sessile ciliates have a free-swimming larval stage that enables them to move through sediment interstices similar to other benthic ciliates. Strombidium spp. and Rimostrombidium sp. (ciliate genera common in marine plankton) are also frequently observed in benthic interstitial sediments (Fenchel 1964, Fenchel et al. 1997) . We too retrieved them from the sandy sediment of the rock-pools in our study. However, we did not record any truly planktonic ciliates, e.g. tintinnids. Our finding of 3 species of Peritromus (P. faurei, P. ovalis, and P. gigas) is also interesting. These 3 species were present in the rock pool on Bryher, but we failed to find any in the St. Agnes rock pool despite intensive search. Their apparent absence is most probably the result of inadequate sampling. We recorded around 80 species of ciliates in each rock pool examined, so why did Fauré-Fremiet (1948) record so few ciliates in similar habitats? He found 15 species, along with a few others, small in number and size, which were not listed. There is no record of the time of year when his pools were sampled, although he did refer to extreme daily variations in temperature and salinity within the pools as a reason for low species richness, suggesting that the pools were examined in warm weather, and were small and shallow. Nevertheless, there may be other explanations. The rock pools may have lacked a layer of sandy sediment; however Fauré-Fremiet (1948) did observe Trachelocerca (Tracheloraphis) phoenicopterus, which is a typical inhabitant of sands. Alternatively, the sandy layer may not have been thick enough to support a greater ciliate diversity.
One of the main objectives of our investigation was to retrieve as many ciliate species as possible, including cryptic species or those present in such low numbers that they would normally escape detection, whereas Fauré-Fremiet wished to discover how a protozoan community can remain within the limits of a rock-pool environment that is flushed twice a day by the open sea. Thus, our sampling strategy included the use of a large range of vessels, tissue flasks, tubes, iceextraction etc., as well as enrichment techniques (see 'Materials and methods') -probably a very different approach from that of Fauré-Fremiet (1948) . It is also possible that pristine and unspoiled environments such as the Isles of Scilly (Faubel & Warwick 2005 ) support a richer protist diversity than more impacted areas.
To gain some idea of cryptic species richness in the 'seed bank', we plotted the cumulative number of species recorded in the 3 rock-pools over a 60 d period. We found more than 168 ciliate species (Fig. 5) and, of these, 135 were observed during our 5 d field investigation on the Scillies. The remaining species (> 30) were retrieved during the subsequent 2 mo period using enrichment cultures and other experimental manipulations that had previously proved successful in encouraging excystment and growth of undetected ciliate species (Finlay et al. 1996 , Fenchel et al. 1997 . The retrieval of 30 species over 2 mo seems fairly low, but this may be an artefact peculiar to marine samples, which tend to decay more quickly than those from fresh waters.
The present study has shown that (1) intertidal rock pools can maintain diverse ciliate communities, (2) a relatively small-scale investigation of ciliates in rock pools yields a high local:global ratio of species, e.g. a shallow intertidal pool with a length <1 m supported more than 20% of the global number of described marine interstitial ciliates. High local:global ratios are characteristic of small-sized organisms (Finlay & Fenchel 2004a) , and there are several examples in the recent literature to support this. Agamaliev (1983) and Alekperov & Asadullaeva (1996) documented 351 species in the Caspian Sea, 318 ciliate species have been recorded in the Baltic (Agamaliev 1983) , 450 benthic ciliate species have been documented from the Black Sea (Azovsky & Mazei 2003) , and Mazei & Burkovskii (2005) reported 273 benthic ciliate species in the estuary of Chernaya River in the White Sea (Russia) over a 2 yr period.
Ciliates and other protists living in variable environments such as intertidal rock pools need to tolerate variable salinity, a degree of desiccation, and the pounding action of ocean waves. The heterogeneous ciliate communities in the rock pools of St. Agnes and Bryher share at least 2 characteristics. First, the species have all been recorded previously in other marine or saline environments worldwide (see e.g. Kahl 1935 , Dragesco & Dragesco-Kernéis 1986 , Fenchel et al. 1995 , Al-Rasheid 1996 , Mazei & Burkovsky 2005 ; second (as pointed out by Fauré-Fremiet 1948) they are able to sustain a diverse community despite regular wave action.
Ciliates in intertidal rock pools are closely associated with the surfaces of rocks and stones, creeping and sliding or attaching by means of a stalk. How do they escape removal by tidal waves? Many small organisms (e.g. Protozoa) are small enough to live within the ben- thic boundary layer, where they are subject to minimal drag. Moreover, typically 'flat' Protozoa such as the amoeba Vannella spp., the ciliate Chilodonella spp. and other organisms that lie adpressed to the substrate or creep over it, usually project no more than about 10 µm above the surface, so that laminar flow is rarely affected. The same mechanism probably operates in running waters (Sylvester & Sleigh 1985 , Fenchel 1987 . Baldock (1980) found a strong negative correlation between current velocity and the presence of peritrich ciliates. She also mentions a river in spate in which velocity increased to 70 cm s -1 and washed off most Vorticella spp., diatoms and algae. To ameliorate drag, it is probably advantageous for an organism to extend its body parallel to the substratum, as increased drag is more than compensated for by the increased contact area for adhesion (Sylvester & Sleigh 1985 , Fenchel 1987 , especially in the case of organisms on an organic substrate, which offers much greater adhesive strength. As micro-organisms that live or creep on submerged surfaces do not project further than a few microns above the surface, and as the velocity of the water flow over the surfaces is virtually zero, the drag on microorganisms is probably negligible (Sylvester & Sleigh 1985) .
In conclusion, wave force in rock pools may not be sufficient to dislodge ciliates from submerged surfaces, but may be an obstacle to immigrants that do not possess suitable morphology. Thus, we did not find a single truly planktonic ciliate (e.g. tintinnids) in the samples, but we did find a strikingly large number of species with flat morphology. In the pool at St. Agnes 85% and at Bryher 75% of the species were flat or attached to a surface. Three species of Peritromus were found coexisting in the rock-pool at Bryher, where we also consistently observed P. gigas (a > 200 µm-long ciliate not reported since the study of Fauré-Fremiet [1924] , who found and described it in pelagic samples). Other ciliates were far larger and flatter than generally reported. Most remarkably, Aspidisca magna, a ciliate described by Kahl (1935) as having a body size of up to 135 µm, and with records rarely exceeding 150 µm, was almost 500 µm long in our fresh field-collected samples. Dysteria appendiculata was twice its typical size, as were Uronychia transfuga, Diophrys scutum and Condylostoma arenarium. We also observed giant forms of D. scutum in laboratory cultures of samples taken from the Bryher rock pool that were trying to ingest large specimens of Aspidisca magna (Fig. 2H) and C. arenarium.
The body size and form of rock-pool ciliates, together with their tendency to adhere to surfaces and to migrate to the benthic boundary layer, may enable their continuous presence in rock pools. The fact that we also found some anaerobic ciliates (Sonderia spp., Plagiopyla Table 1 ) suggests that the sediment at the bottom of the pools is not regularly suspended during high tides and may represent a relatively stable and undisturbed habitat. There were no genuine plankton ciliates in the pools, suggesting that these are flushed out at high tide. Finally, food availability plays a significant role in the preservation of the resident rock-pool ciliate populations: electron microscopy revealed that subsamples from the Bryher open-ocean rock pool contained a rich community of stalked and peritrichous bacteria (Fig. 6) , a food supply that withstands tidal flushing.
Ciliates are apparently capable of remaining in rock pools because of their typically flattened morphology, and their affiliation with the benthic boundary layer. Continuous development of attached bacteria may serve as their principal food source. The ciliates living in the rock-pools were almost all confined to the surface of rocks and the bottom layer of sandy sediment. This might explain the existence of a diverse 'resident' ciliate community which underpins the high species richness. Unfortunately there does not seem to be any other similar study with which we can compare our results. It is strange that one of the most accessible marine environments is also one of the least understood.
